Introduction
Chemiluminescence (CL) is an attractive analytical method due to its sensitivity, large calibration ranges, high sample throughput, ease of operation and simple instrumentation, especially for trace biological substances analysis. 1, 2 However, this method has not been widely used in practice because the species that can be detected by CL are limited, and many species have no effective CL signal, such as many small molecular biological substances, including amino acids.
Amino acids are important bioactive materials in a wide range of samples, such as biological tissues and fluids, foods and industrial products, and their determination is rather difficult. Recently, Lin et al. proposed a direct CL method for the determination of two amino acids, tryptophan and phenylalanine. 3 Bobbitt and Nieman developed electrochemiluminescence methods for the determination of amino acids 4, 5 based on Ru(bpy)3 3+ . Some studies involved enzymes, [6] [7] [8] which made the experiment more expensive and required more care for maintaining the activity of the enzyme; Other CL methods for their determinations were all based on indirect CL reactions by amino acids, or by using a CL reagent as a label, [9] [10] [11] [12] [13] which would cause much complexity in the operation process, and would reduce the detection sensitivity.
N-Bromosuccinimide (NBS) has been used extensively as a brominating and oxidizing reagent.
14 In aqueous solutions, its oxidizing properties were attributed to hypobromous acid generated by its hydrolysis. NBS has similar oxidation properties to hypobromite, but is more stable. Although NBS has been used in some CL studies, [15] [16] [17] [18] [19] [20] [21] [22] [23] most of them were applied to some organic species and pharmaceutical preparations; few were used in biological substance analysis. Recently, an indirect NBS CL system was developed for the determination of glycine and arginine; because the sample must react with humic acid before analysis, the procedure is tedious. 23 Herein we report on a new sensitive enhanced CL assay for the determination of four amino acids based on a new CL reaction between amino acids and NBS in an alkaline medium. More than 20 amino acids (such as serine, threonine, glycine, arginine, leucine, isoleucine, valine, proline, lysine, glutamic acid, histidine, phenylalanine, cystine, methionine, aspartic acid, glutamine, cysteine, α-alanine, β-alanine, tyrosine and tryptophan) were tested; only serine, threonine, glycine and arginine produced a detectable weak chemiluminescent emission. In this reaction, the presence of fluorescent reagents would cause a great enhancement of CL emission. The fluorescein sodium was used as a sensitizer in this study due to its low background intensity and strong sensitization of CL emission for four amino acids. The proposed CL method offers potential advantages of simplicity and rapidity, as well as high sensitivity (compared to other CL system 3, 8, 11 ) for the determination of amino acids.
Experimental

Reagents
The amino acids (analytical reagent grade) were purchased from Shanghai Biological Reagents Plant; all other chemicals were of analytical reagent grade, and distilled water was used.
A stock solution of N-bromosuccinimide (5.00 × 10 -2 mol l -1 ) was prepared daily by dissolving 2.225 g of NBS in water, transferring the solution into a volumetric flask and diluting to 250 ml with water. A fluorescein sodium stock solution (1.00 × 10 -3 mol l -1 ) was prepared by dissolving 0.1880 g of fluorescein sodium (Fluka) in a 0.10 mol l -1 sodium hydroxide solution, transferring the solution into a volumetric flask and diluting to 500 ml with the same alkaline solution.
Apparatus
The flow-injection system used ( Fig. 1 ) consisted of a peristaltic pump and a six-way injection valve. PTFE tubing (0.8 mm i.d.) was used to connect all components in the flow system. A mixing coil (glass tubing, 100 mm × 1 mm i.d.) after a confluence point was used as a flow cell, and was positioned in front of the detection window of a photomultiplier tube (PMT). The CL emission was recorded with a flow injection CL analyzer (IFFL-D) (Xi'an Remax Electronic Science-Tech Co. Ltd.) controlled by a personal computer. The fluorescence spectra were recorded by a Luminescence Spectrometer LS-50B (Perkin Elmer Co., USA). The CL spectrum was examined with a series of interference filters by IFFL-D.
Procedures
In order to obtain good mechanical and thermal stability, the instruments were run for 10 min before the first measurement. The flow rate in each channel was controlled at 3.0 ml min -1 . Because NBS is unstable in a basic medium, it was mixed with a sodium hydroxide solution online; a 200 µl sample (amino acid in 0.60 mmol l -1 fluorescein sodium solution) was injected into a carrier stream (water) by a six-way injection valve. The concentration of the amino acid was quantified via the peak height of the relative CL emission intensity, which was obtained by subtracting the CL blank from that of sample or standard solution.
Results and Discussion
Characteristics of chemiluminescence
Energry transfer chemiluminescence is one way to improve the detection ability of CL analysis. 24, 25 In this work, because the CL emitted by the amino acids oxidation reaction by NBS is weak, fluorescent compounds were adopted to be investigated in order to improve the intensity of the CL. The sensitizing effects of various fluorescent compounds, such as riboflavin, quinine, rhodamine B, butyl-rhodamine B, tetraiodofluorescein, fluorescein, fluorescein sodium, dichlorofluorescein, were investigated; the results showed that although dichlorofluorescein could produce the strongest chemiluminescent emission, the background signal of dichlorofluorescein was also the strongest. The CL emission of fluorescein sodium was the second strongest, while the signalnoise ratio of fluorescein sodium was the largest, which could enhance the sensitivity (about 400 times for serine, glycine, 360 times for arginine, 420 times for threonine) for the determination of amino acids. Thus, it was selected for this work.
The CL emission intensity as a function of time was investigated. Figure 2(a) shows a kinetic profile of the serine reacted with NBS in sodium hydroxide. It was a flashing type luminescence, and the time interval between the start of CL and its maximum was only 0.5 s. In the presence of fluorescein sodium, the time to reach the maximum signal was also 0.5 s (Fig. 2(b) ). The peak shape showed no change in the presence of fluorescein sodium; only peak height increased. Compared with the kinetic profile of the CL between fluorescein sodium and NBS (Fig. 2(c) ), it can be concluded that the fluorescein sodium greatly enhanced the CL of serine and NBS. The same phenomenon was also found with threonine, glycine and arginine. Since the reaction is very fast, the reagent is mixed just in front of the detection window of PMT.
Amino acids have been oxidized by NBS to NH3, 26 and CL is attributed to the oxidation of NH3 to an excited-state nitrogen by NBS. 22, 26, 27 The oxidation of some fluorescent compounds was accompanied by light emission, the CL is due to intermolecular energy transfer. 22, 28, 29 Thus, in this system, the enhancement is due to energy transfer from the excited states of nitrogen to the emitting species produced by the reaction of fluorescein sodium with NBS and fluorescein sodium itself, which caused an increase in the CL efficiency. The CL spectrum of this reaction sensitized by fluorescein sodium showed that the maximum wavelength of CL spectrum is 535 nm (Fig. 3) , which is the same as the maximum λem of fluorescein sodium. It was confirmed that the final excimer was fluorescein sodium, rather than nitrogen: for obtaining the maximum CL emission. It showed that the CL emission trends to be steady when the concentration of fluorescein sodium is more than 0.6 mmol l -1 . Thus 0.6 mmol l -1 fluorescein sodium was chosen as an experimental condition. The dependence of the CL emission intensity on the NBS concentration was examined. The CL intensity increased with increasing the NBS concentration in the range 0 -0.05 mol l -1 . A further increase in the NBS concentration was avoided due to the solubility limitation of NBS in water. Therefore, 0.05 mol l -1 NBS was used in subsequent studies.
The CL emission appeared only in the alkaline solution. The effect of the NaOH concentration was investigated over the range of 0 -2.0 mol l -1 ; the optimal NaOH concentration was 1.6 mol l -1 . Thus, 1.6 mol l -1 NaOH was selected for further experiments.
The effect of the flow rates on the CL emission was also investigated. The CL intensity increased with increasing the flow rate over the range 0.5 -5.0 ml min -1 . Because a high flow rate led to a greater consumption of reagents with little gain in sensitivity, a flow rate of 3.0 ml min -1 for each reagent was chosen for further studies.
Analytical performances
Under the above mentioned optimal experimental conditions, the CL intensity increased linearly with increasing concentrations of four amino acids.
The analytical performances for four amino acids by this CL analytical method are shown in Table 1 .
Interference studies
Interferences from other common amino acids were investigated by recovering 5 µmol l -1 of serine in the presence of other amino acids. The results showed that a 100-fold excess of leucine, isoleucine, valine, proline, lysine, glutamic acid and histidine; and a 10-fold excess of phenylalanine, cystine, methionine and aspartic acid did not interfere; a 10-fold excess of glutamine, cysteine, α-alanine, β-alanine and tyrosine showed little interferce; and only tryptophan inhibited the emission intensity severely, which may have been due to the consumption of NBS by tryptophan, which could not emit light.
The influences of foreign species were investigated by analyzing a standard solution of 5 µmol l -1 serine to which increasing amounts of interfering species were added. The tolerable limit of a foreign species was taken as a relative error not greater than 5%. It showed that more than 100-fold excess of EDTA, citrate, Na + , K + , Ca 2+ , while common complexing agents, such as EDTA and citrate, had no effect on the CL emission, and could eliminate the interference of those ions.
Sample analysis
To investigate the possibility of applying this proposed method, a series of samples containing various concentrations of serine and arginine were determined after addition to water samples. Table 2 gives the results; a satisfactory agreement between the results was obtained, and a mean recovery of 100% was found (range 95.4 -103%). The proposed method is simple, accurate and precise, and allows the determination of amino acids. Recovery, % (n = 3)
